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Abstract
Recent results from ATLAS and CMS point to a narrow range for the Higgs mass: MH ∈
[124, 126] GeV. Given this range, a case may be made for new physics beyond the Standard
Model (SM) because of the resultant vacuum stability problem, i.e., the SM Higgs quartic coupling
may run to negative values at a scale below the Planck scale. We study representative minimal
extensions of the SM that can keep the SM Higgs vacuum stable to the Planck scale by introducing
new scalar or fermion interactions at the TeV scale while solving other phenomenological problems.
In particular, we consider the type-II seesaw model, which is introduced to explain the non-zero
Majorana masses of the active neutrinos. Similarly, we observe that if the stability of the SM Higgs
vacuum is ensured by the running of the gauge sector couplings, then one may require a series of
new electroweak multiplets, the neutral component of which can be cold dark matter candidate.
Stability may also point to a new U(1) gauge symmetry, in which the SM Higgs carries non-zero
charge.
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I. INTRODUCTION
In the Standard Model (SM) of particle physics, the Higgs field [1] provides the mech-
anism of spontaneous electroweak symmetry breaking and the origin of masses of the fun-
damental particles, but until recently the Higgs boson itself left no signal in high-energy
collider experiments. The situation has clearly changed, however, as both the ATLAS [2]
and CMS [3] collaborations have announced observation of a bosonic particle at about the
5σ significance level. The excess is driven by the two channels with the highest mass res-
olution H → ZZ(∗) → 4ℓ and H → γγ, and the equally sensitive but low resolution
H → WW (∗) → ℓνℓν channel. Assuming the boson spin is shown to be zero, these results
will provide conclusive evidence for the discovery of a Higgs-like scalar particle with mass
126.0± 0.4(stat)± 0.4(sys) GeV for ATLAS and 125.3± 0.4(stat)± 0.5(sys) GeV for CMS.
The discovery points to a favored mass range: MH ∈ (124, 126) GeV, which is in
agreement with the indirect detections from the electroweak precision constraints, MH <
158 GeV [4]. It fixes the one remaining free parameter in the SM: the Higgs self-coupling λ.1
However, this low Higgs mass immediately leads to the problem of the SM Higgs vacuum
stability which requires λ remain positive at all scales Λ. If λ becomes negative at some scale,
the potential is either unbounded from below and has no state of minimum energy or has
a vacuum with lower energy for the case where λ may run positive again at an even higher
scale. Given MH ∼ 126 GeV, the Higgs self-coupling λ may run negative at a scale below
the Planck scale [5–7], necessitating new physics beyond the SM (BSM). It was shown in [8]
that absolute vacuum stability requires a Higgs mass MH ≥ 129±6 GeV, by using a partial
two-loop matching and three-loop renormalization group running procedure and taking into
account the existing 2σ experimental uncertainties in the mass of the top quark and αs. A
very similar conclusion was given in Ref. [9]. Additionally, Ref. [10] studied the two-loop
QCD and Yukawa corrections to the relation between the Higgs quartic coupling and the
Higgs mass so as to reduce the uncertainty in the determination of the Higgs mass from
λ(µ). The authors claimed that while λ at the Planck scale is zero, the absolute stability of
the SM Higgs potential is excluded at 98% C.L. for MH < 126 GeV. Thus a ∼124-126 GeV
Higgs strongly points to new physics in the desert between the Fermi and Planck scales.
1 The Higgs quadratic coupling can be expressed in terms of the Higgs vacuum expectation value and λ.
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Supersymmetry and extra dimension models may provide solutions to this problem, but up
to now no clear signals of such new physics have emerged from collider searches. Therefore
it is instructive to consider alternative simple extensions of the SM that can alleviate the
vacuum stability problem.
Despite the absence of collider BSM signals, definitive evidence of new physics beyond
the SM comes from several additional sources, including neutrino masses and dark mat-
ter. The solar, atmospheric, reactor, and accelerator neutrino experiments have provided
convincing evidence that neutrinos are massive and lepton flavors are mixed [11]. Precise
cosmological observations have confirmed the existence of non-baryonic cold dark matter
with an abundance of ΩDh
2 = 0.1123±0.0035 [12]. These two important discoveries cannot
be accommodated in the SM without introducing extra ingredients. Doing so can affect
the stability of the electroweak vacuum via one or more of the following interactions: (1)
additional quartic scalar interactions associated with new scalar degrees of freedom; (2)
Yukawa interactions associated with neutrino mass generation; (3) modified or extended
gauge interactions appearing in neutrino mass and/or dark matter models.
In this work, we study examples of all three. In particular, to understand the origin of
the neutrino masses, one may extend the SM with heavy Majorana neutrinos so that light
neutrino masses can be generated through the so-called seesaw mechanism. There are three
types of tree-level seesaw mechanisms, categorized according to the particle content of their
extension to the SM: heavy Majorana neutrinos (Type-I [13]) plus either a Y = 1 Higgs
triplet (Type-II [14]) or a Y = 0 Fermion triplet (Type-III [15]) (Y is the SM hypercharge
quantum number). In the context of Type-I models, the impact of heavy right-handed
neutrinos, NR, on the SM Higgs vacuum stability and metastability scales was studied in
Ref. [6, 16, 17], with the result that the NR decrease the Higgs vacuum stability scale. In this
paper we will study the effect of a TeV scale Type-II seesaw model on the Higgs vacuum
stability. Our result shows that the the SM Higgs vacuum can remain stable up to the
Planck scale for certain chosen parameters of the Type-II seesaw model.
We also study how to keep the SM Higgs vacuum stable by making changes only to the
gauge interactions. In the context of the SM gauge groups, stability up to the Planck scale
can be restored by introducing a series of new electroweak multiplets, the neutral component
of which may serve as the cold dark matter candidate. The presence of these multiplets may
significantly alter the renormalization group (RG) evolution of the gauge coupling coefficients
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and thus indirectly keep the SM Higgs vacuum stable up to the Planck scale. We also study
the implications of the SM Higgs vacuum stability for a new gauge symmetry. In Ref. [18]
it was shown that there are only flavor-dependent anomaly-free gauged U(1) symmetries in
the minimal SM. In the SM with three right-handed neutrinos and a scalar singlet, there
is another well-known anomaly-free gauged U(1) symmetry: U(1)B−L [19]. However, the
SM Higgs boson carries no new U(1) charge in both cases. The presence of these new U(1)
symmetries only affects the running behavior of the Yukawa couplings (most notably that
of the top quark). In this paper, we study the effect of a new type of U(1) gauge symmetry
in which the SM Higgs boson carries non-zero charge. The anomalies are spontaneously
cancelled by extending the SM with three right-handed neutrinos. We derive the one-loop
β-functions of the model and investigate their effects on the SM Higgs vacuum stability. We
find that stability of the vacuum can be achieved for some regions of parameter space.
The paper is organized as follows: in section II we show preliminary formulas relevant
for the numerical analysis. We investigate the Type-II seesaw effect in section III. Section
IV is devoted to studying the implications of the SM Higgs vacuum stability for the gauge
interactions. We summarize in section V. Expressions for the relevant β-functions appear
in the Appendix.
II. PRELIMINARIES
We first review the stability analysis within the SM. A constraint on the Higgs mass can
be obtained by the requirement that spontaneous symmetry breaking actually occurs, that
is, V (v) be the minimum of the Higgs potential
V (H) = −µ2H†H + 1
2
λ(H†H)2 , (1)
where v ≈ 246 GeV is the Higgs vacuum expectation value (VEV). This bound is essentially
equivalent to the requirement that the quartic Higgs coupling λ(µ) never becomes negative
at any scale µ < ΛNP , where ΛNP is the scale of new physics.
2 In this paper we will study
numerically the impact of representative simple BSM scenarios on the vacuum stability of a
∼124-126 GeV SM Higgs. As a SM baseline, we will use the two-loop beta functions of the
2 For the first paper to include precise evaluation of the renormalization group evolution when studying the
SM Higgs vacuum stability problem, see [20].
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Higgs self coupling λ, the gauge couplings gi (i = 1, 2, 3) and the top quark Yukawa coupling
yt, as well as the one-loop matching condition for the SM Higgs mass. Contributions of
BSM physics are considered at the one-loop level. The resulting stability requirements for a
given BSM scenario are likely to be overly conservative, since the three-loop analyses tend
to alleviate the tension of a 124-126 GeV Higgs with stability. However, since we do not
presently have in hand the two-loop running for the BSM scenarios, it may not make sense
to consider the SM at the three-loop and the BSM at the one-loop. Thus, for illustrative
purpose we will use the “one-loop matching and two-loop renormalization group running”
procedure. The β-function of λ is given to two loop order in Eq. (A3), in which β
(1)
λ , β
(2)
λ
represent the β-functions of λ at the one-loop and two-loop level, t ≡ lnµ/µ0 with µ0 being
a reference energy scale, and yt is the Yukawa coupling of the top quark. For illustrative
purposes, we neglect the scale-dependence of the Yukawa and gauge couplings, arriving at
a simplified condition for vacuum stability at the scale µ:
λ(µ) ≈ λ(ΛEW) +
(
1
16π2
β
(1)
λ +
1
(16π2)2
β
(2)
λ
)
ln
(
µ
ΛEW
)
> 0 . (2)
A meaningful and complete analysis should take into account the running behavior of all
parameters. One should also take implement the one-loop matching condition between the
running Higgs quartic coupling and the Higgs boson pole mass MH [21]:
λ(MH)v
2 =M2H [1 + ∆(MH)] . (3)
where the expression of ∆(x) can be found in Ref. [22].
The two loop β-functions for the gauge couplings are given in Eq. (A5), in which YU,D,E
represent the Yukawa coupling matrices of up-quarks, down-quarks, and charged leptons,
respectively. Here the SU(3)C × SU(2)L×U(1)Y gauge couplings g3, g2, g1 are normalized
based on SU(5) (though we do not impose any GUT relations on the couplings), so the
electroweak couplings g and g′ are related to these by g2 = g22 and g
′2 = (3/5)g21. The
determination of the couplings proceeds from the relations αi ≡ g2i /4π, with (α1, α2, α3) =
(0.01681, 0.03354, 0.1176) at the Z-pole [11].
The two-loop β-function of the top quark Yukawa coupling is given in Eq. (A8). The
initial input of yt is given by yt(Mt) =
√
2mt(Mt)/v, where v = 246.2 GeV and mt is the
top quark running mass determined from [23]:
Mt ≈ mt(Mt)
(
1 +
4
3
α3(Mt)
π
+ 11
(
α3(Mt)
π
)2
−
(
mt(Mt)
2πv
)2)
, (4)
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in which the second and the third terms correspond to the one- and two-loop QCD corrections
while the fourth term comes from the electroweak corrections at the one-loop level. We use
the running mass of the top quark value mt(MZ) = 172.1 GeV [7] in our following numerical
analysis. Utilizing the foregoing RG analysis and the present range for MH , one finds that
λ runs negative for Λ ∼ 109 − 1011 GeV.
III. A NEW SCALAR INTERACTION AND NEUTRINO MASS
A simple solution to the 125 GeV SM Higgs vacuum stability problem is obtained by
introducing a new beyond-the-SM scalar that may interact with the SM Higgs through a
four scalar coupling vertex. Typical examples are the Higgs portal dark matter models, e.g.
the scalar singlet or “darkon” [24–26] and inert dark matter models [27]. For a detailed
analyses of the implications of these models on the Higgs vacuum stability, see Refs. [28–34].
The fact that neutrinos have tiny but non-zero masses is the first (terrestrial) experimental
evidence of new physics beyond the SM. The most convincing idea to understand the origin
of neutrino masses is the seesaw mechanism. The effect of a Type-I seesaw model on the
Higgs vacuum stability was studied in Ref. [6, 16], and the Type-I seesaw model was found
to aggravate the instability of the vacuum. Here we investigate the effect of a TeV scale
Type-II seesaw model, which extends the SM with a triplet scalar ∆,
∆ =
(
∆+/
√
2 ∆++
∆0 −∆+/
√
2
)
,
transforming as (3,1) under the electroweak gauge group SU(2)L × U(1)Y . The additional
scalar potential can be written as
∆V = M2∆Tr[∆
†∆] +
λ1
2
(
Tr[∆†∆]
)2
+
λ2
2
[
(Tr[∆†∆])2 − Tr(∆†∆∆†∆)]
+ λ4H
†HTr[∆†∆] + λ5H
†[∆†, ∆]H +
[√
2λ6H
T iσ2∆
†H + h.c.
]
. (5)
The scalar triplet couples to the left-handed lepton doublet through the following Yukawa
interaction:
− 1√
2
(Y∆)ij ℓ
Ci
L ε∆ℓ
j
L + h.c. , (6)
where C is the charge conjugation operator. The active neutrino mass can be derived from
Eq. (6) after the spontaneous breaking of electroweak symmetry: Mν = Y∆v∆ where v∆ is
the VEV of the scalar triplet and is constrained to be less than 1 GeV by the ρ parameter.
6
In this model the one-loop β-function of λ can be written as [35, 36]
β
(1)
λ =
(
β
(1)
λ
)
SM
+ 6λ24 + 4λ
2
5 , (7)
and the one loop β-functions for the gauge couplings in this case are given by (b1, b2, b3) =
(47/10, − 5/2, − 7), with bi defined in Eq. (A5). Notice that both λ4 and λ5 contribute to
the β-function of λ. Here we mainly consider the effect of λ4 by working in the limit where
the other triplet couplings (λ1, λ2, and λ5) are equal to zero at the input scale. This is a
reasonable simplification since λ1 and λ2 do not contribute to βλ at one-loop level, and as
Eq. (7) shows λ4 has a larger impact on the running of λ than λ5 (assuming λ4 and λ5 are
of the same order).3 Nonetheless we do include the RG evolution of all the scalar couplings
in our analysis and we ensure that all of the vacuum stability conditions in Ref. [37], which
in our notation are given by
λ > 0 (8)
λ1 ≥ 0 (9)
λ1 +
1
2
λ2 > 0 (10)
λ4(+λ5) +
1
2
√
λλ1 > 0 (11)
λ4(+λ5) +
1
2
√
λ(λ1 +
1
2
λ2) > 0 , (12)
are satisfied for all values of µ between MH and Mpl (the parentheses in Eqs. (11) and (12)
indicate that there are actually two stability conditions in each equation: one with λ5 in
the parentheses taken into account and the other one without). A vacuum stability analysis
in which the other Type-II seesaw scalar couplings are allowed to have non-zero values at
the input scale is much more complicated (see [31]) and would distract from our purpose of
studying the RG evolution of λ. Furthermore, we note that, as λ6 appears in neither the
other scalar coupling β-functions nor the vacuum stability conditions in Eqs. (8)-(12), we
do not include it in our analysis. The coupling λ6 effects the seesaw mechanism by giving
the triplet a VEV:
v∆ ∼ λ6v
2
M2∆
(13)
and as mentioned above Mν = Y∆v∆. Bounds on λ6 that arise from avoiding tachyonic
directions in the potential at the EW minimum [37] can always be satisfied – while still
3 Equivalent conclusions can be reached by considering the effect of λ5 as well.
7
obtaining the desired neutrino masses – through appropriate choices of the triplet mass
scale M∆ and the Yukawa couplings Y∆.
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FIG. 1: Left panel: λ as the function of energy scale µ. The solid and dashed correspond to
MH = 124 GeV and λ4 = 0.01, 0.10 respectively. The short-dashed and dotted lines correspond
to MH = 126 GeV and λ4 = 0.30, 0.10 respectively. Right panel: MH as the function of cutoff
scale µ. The plus and cross signs are the perturbativity constraint with λ4 being 0.2 and 0.4 . The
dashed and dotted lines are the vacuum stability constraint with λ4 = 0.4 and 0.2, respectively.
The horizontal band is the current experimental value of Higgs boson mass.
To study the Higgs vacuum stability, we first calculate the quartic coupling λ(MH) using
the one-loop matching condition in Eq. (4), then run λ(µ) to the Planck scale by solving
the RG equations. The β-function of λ4 is
16πβλ4 = −
(
9
2
g21 +
33
2
g22
)
λ4 + 6g
4
2 +
27
25
g41 + 8λ
2
5
+(8λ1 + 2λ2 + 6λ+ 4λ4 + 2Tr[Y
†
∆Y∆] + 6y
2
t )λ4 . (14)
The β-function for the top Yukawa coupling is the same as that in the SM. The β-functions
for the λi (i = 1, 2, 5) can be found in the appendix. We assume the scalar triplet is at
the electroweak scale and therefore Y∆ ≪ 1, as implied by the scale of the light neutrino
masses. Consequently we can safely neglect the Tr[Y †∆Y∆] term in Eq. (14) and need
not consider the matching condition at the seesaw threshold. In the left panel of FIG.
1 we plot λ as a function of energy scale µ. The solid and dashed lines correspond to
MH = 124 GeV and λ4 = 0.01, 0.10, respectively. The short-dashed and dotted lines
correspond to MH = 126 GeV and λ4 = 0.30, 0.10. We find that the vacuum of a 124-
126 GeV Higgs can be stable up to the Planck scale for the case of λ4 = 0.1, while the
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vacuum of the 124 GeV Higgs will be unstable at the scale of O(1010) GeV for the case
λ4 = 0.01.
It is interesting and instructive to also study the perturbativity constraints in this model.
The perturbativity bound is defined as the highest Higgs boson running mass given by the
the Higgs quartic coupling which satisfies the condition λ(µ) < 8.2 [38] for any µ between
the electroweak and Planck scale, Mpl (this criterion is less stringent than that used in [30]
which was based on the work of [39]). With this perturbativity requirement, in conjunction
with the vacuum stability conditions, we plot in the right panel of FIG. 1 the bounds on
the Higgs mass MH as a function of the energy scale µ. The plus and cross signs are
the perturbativity constraints with λ4 equal to 0.2 and 0.4, respectively. The dashed and
dotted lines are the vacuum stability constraints with λ4 = 0.4 and 0.2, respectively. The
horizontal band is the current experimental value of Higgs boson mass. We can read from
the figure that the 125 GeV SM Higgs mass satisfies both the perturbativity and the vacuum
stability constraints up to the Planck scale for appropriately chosen initial input value of
λ4. Note that the range of this coupling that is consistent with both vacuum stability and
perturbativity is rather restricted.
We comment that our analysis is similar in spirit to that of Ref. [31], though with some
differences. In particular, we use two-loop β-functions for the gauge and Yukawa couplings,
analyze in more detail the perturbativity bounds, and a study of a range of input values
for λ4. On the other hand, [31] considers the behavior of the full set of scalar couplings,
constraints for electroweak precision data, and implications for the H → γγ rate.
IV. MODIFIED GAUGE INTERACTIONS
In this section, we consider alternative solutions to the SM Higgs vacuum stability prob-
lem by (a) modifying the β-functions of the gauge couplings through the introduction of
new electroweak (EW) multiplets, which might provide a cold dark matter candidate, or (b)
introducing a new U(1) gauge symmetry.
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A. Higgs vacuum stability with new EW multiplet
Higher representation EW multiplets exist in various models. A typical example is the
gauge portal dark matter model in which dark matter annihilates into the SM particles
through EW gauge interactions. The gauge portal scenario is one genre of a more general set
of dark matter models that also include Higgs portal and axion portal models among others.
Minimal dark matter [40–42] is a typical gauge-portal dark matter model in which a high-
dimension electroweak multiplet (e.g., a (1, 5, 0)) with hypercharge Y = 0 is introduced.
There are also models where an electroweak triplet [43, 44] or 7-plet [45] can be dark matter
candidates.4 Taking into account loop contributions from these new EW multiplets, the
one-loop β-functions of g2 and g1 will be
16π2β(1)g2 = 16π
2
(
β(1)g2
)
SM
+
n(n2 − 1)
18(1 + ζ)
g32 , (15)
16π2β(1)g
1
= 16π2
(
β(1)g1
)
SM
+
2n
5(1 + ζ)
Y 2g31 . (16)
where ζ = 1 or 0 for bosonic or fermionic dark matter respectively. Y is the weak hypercharge
of the dark matter and n is the dimension of the SU(2)L multiplet representation. We can
conclude that the running behavior of the gi may be significantly changed for these cases
and thus may have an effect on the RG evolution of the Higgs quartic coupling.
To illustrate, we plot in the left-panel of FIG. 2 the coupling λ as the function of energy
scale µ, where the solid, dashed, dotted, short-dotted and dashed lines correspond to the
addition of (1, 7, 0, S), (1, 5, 0, F ), (1, 4, 1/2, S) and (1, 3, 0, F ) EW multiplets,
separately (S and F represent bosonic — i.e., scalar — and fermionic fields). We set MH =
126 GeV and mt(MH) = 167 GeV for the initial input. The mass of the EW multiplet is
set to be several TeV so as to be consistent with the constraint on the dark matter relic
abundance [40, 44]. We conclude from the figure that the 126 GeV SM Higgs vacuum is
stable up to the Planck scale with the addition of a single 5-plet or 7-plet; however, the Higgs
vacuum remains unstable with the addition of a single electroweak triplet or quadruplet. At
least two extra EW multiplets of the triplet or quadruplet variety are needed to keep the
Higgs vacuum stable up to the Planck scale as can be seen from the right panel of FIG. 2.
4 Recently, it was observed that the viability of scalar dark matter in these scenarios typically requires
the introduction of an additional discrete symmetry in order to avoid the presence of destabilizing super-
renormalizable interactions[42].
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FIG. 2: Left panel: λ as the function of energy scale µ, where the solid, dashed, dotted and
shot-dashed lines correspond to (1, 7, 0, S), (1, 5, 0, F ), (1, 4, 1/2, S) and (1, 3, 0, F ) EW
multiplet cases respectively, where S and F represent bosonic or fermionic fields. Right panel: λ
as the function of µ, the solid, dashed and dotted lines correspond to two quadruplet, two triplet
and one triplet plus one quadruplet cases, respectively.
B. Higgs vacuum stability with Extra U(1) gauge symmetry
It has been shown that there are only flavor dependent anomaly-free gauged U(1) sym-
metries, i.e., U(1)Li−Lj [18], in the SM. A U(1)B−L gauge symmetry emerges in the SM
plus three right-handed neutrinos.5 However, the SM Higgs boson carries no U(1) charge
for both cases, so the only impact of the new U(1) symmetry relevant to stability is on the
running behavior of the top quark Yukawa coupling. In this paper we investigate a new
anomaly-free U(1)′ for which the SM Higgs may carry charge. Such a new symmetry may
originate from GUT models [46] or string inspired models [47]. Only right-handed fermions
and the SM Higgs boson carry a U(1)′ charge which we normalize to be multiples of ‘a’. The
even number of fermion doublets required by the global SU(2)L anomaly [48] is provided by
the SM. The absence of axial-vector anomalies [49–51] in the presence of the U(1)′ and the
gravitational-gauge anomaly [52–54] requires that certain sums of the U(1)′ charges vanish.
The right-handed fermions are assigned charges of ±a so these anomaly-free conditions are
SU(3)2CU(1)
′ : −2(a)− 2(−a) = 0 , (17)
SU(2)2LU(1)Y : 0 , (18)
5 The additional U(1) may also be global, but we focus on the gauged case.
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U(1)2Y U(1)
′ : −
[
3
(
2
3
)2
a + 3
(
1
3
)2
(−a) + (−1)2(−a)
]
= 0 , (19)
U(1)′
2
U(1)Y : −a2
[
3× 2
3
− 3× 1
3
− 1
]
= 0 , (20)
U(1)′ : − [a+ (−a)]− 3[a+ (−a)] = 0 , (21)
U(1)′
3
: −[a3 + (−a)3]− 3[a3 + (−a)3] = 0 . (22)
The U(1)′ charge of the SM Higgs is fixed by the Yukawa interactions. We list in table I the
quantum numbers of the fields under the U(1)′.
fields ℓ QL νR ER UR DR H φ
U(1)′ 0 0 a −a a −a a Xa
TABLE I: Quantum numbers of fields under local U(1).
We have also included an additional scalar field φ which appears in table I. The U(1)′
can be spontaneously broken by the addition of this scalar φ with non-zero VEV and trans-
forming as a singlet under the SM gauge group. The number of generations of the scalar φ,
nφ, and its U(1)
′ charge – written as a multiple X of a – are not fixed by the requirement
of anomaly cancellation or any interactions with the SM fields. The impact of the resulting
singlet-Higgs interactions on stability constitutes a special case of earlier work [30, 32–34],
so we do not consider it in detail here.6 We only focus on the impact of the U(1)′ gauge
interaction on the Higgs vacuum stability. Note that the charge normalization a can be
absorbed by a redefinition of the new gauge coupling g4 → g4/a. Taking the coefficient of
the H†Hφ†φ operator to be negligible, the one-loop β-function of λ can be written as
16π2β
(1)
λ = 16π
2(β
(1)
λ )SM +
3
4
(
16g44 +
24
5
g21g
2
4 + 8g
2
2g
2
4
)
− 12g24λ , (23)
where the second and third terms are the contribution of the U(1)′. The β-function of g4
can be written as
16π2βg
4
=
(
2
3
× 8nF +
2
3
nH +
1
3
nφX
2
)
g34 ≡ b4g34 , (24)
6 A detailed study of the electroweak precision measurement constraints on this model is also beyond the
scope of this paper
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where nF , nH and nφ are the number of generations of fermions (3), the SM Higgs doublet
(1), and additional U(1)′-breaking singlet, respectively. The new gauge interaction also
affects the evolution of the Yukawa coupling of the top quark. Its β-function is given by
16π2β
(1)
t = 16π
2(β
(1)
t )SM − 3g24yt . (25)
The number of generations of scalars nφ, their U(1)
′ charge X , and the value of the coupling
g4 at the input scale are not totally arbitrary. At one-loop order, it is straightforward to
determine the scale at which g4 has a Landau pole (we will leave a study of the two-loop
effects of the new U(1)′ symmetry for future work). Solving Eq. (24) for g4(µ) and equating
the resulting denominator with zero, the Landau pole scale is found to be
ΛLandau = µ0 exp[16π
2/2b4g4(µ0)
2] (26)
where g4(µ0) is the value of the gauge coupling at the input scale µ0. By increasing g4(µ0),
nφ, or X (the latter two increase b4), ΛLandau decreases. For certain choices it will be true
that ΛLandau < Mpl and as g4 → ∞ then surely λ becomes non-perturbative. Nonetheless,
our numerical analysis shows that the choice of g4(µ0) has a more direct impact on the
running of λ than varying nφ and X , so we fix nφ = X = 1 to allow the greatest freedom in
choosing the value of the U(1)′ gauge coupling at the input scale while avoiding the Landau
pole.
We show in FIG. 3 the vacuum stability and perturbativity bounds on the SM Higgs
mass MH as a function of µ for a set of values of g4. We set the scale of U(1)
′-breaking
at the TeV scale and the mass of the corresponding Z ′ boson to be MZ′ ∼ 2 TeV in order
to be roughly consistent with present LHC bounds[55] . The plus and cross signs represent
perturbativity constraints (by requiring λ < 8.2) with g4 being 0.3 and 0.2, respectively. The
dashed and dotted lines represent the Higgs vacuum stability constraint with g4 being 0.2
and 0.3, respectively. The horizontal band is the currently measured value of the Higgs mass.
It is evident from the figure that the SM Higgs vacuum stability predicts that g4 should be
roughly larger than 0.2 in this specific model, though a smaller value could also be viable
if the impact of the singlet scalar-Higgs coupling is included. Alternatively, the presence of
a sufficiently large gauge coupling would allow for stability in the absence of a significant
singlet-Higgs interaction. In either case, such a parameter space might be accessible by
the LHC, since we have assumed that MZ′ ∼ 2 TeV. A detailed analysis of the collider
signatures of the model will be presented in future work.
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FIG. 3: MH as the function of cutoff scale µ. The plus and cross signs are the perturbativity
constraint with g4 = 0.3, 0.2 respectively. The dashed and dotted lines are the vacuum stability
constraint with g4 = 0.2, 0.3 respectively. The horizontal band is the current measured value of
Higgs boson mass.
V. CONCLUDING REMARKS
If the observed ∼ 125 GeV boson is, indeed, the Higgs boson, then stability of the SM
electroweak vacuum up to the Planck scale may require that some BSM degrees of freedom
become active at scales ∼> 1 TeV. The presence of these degrees of freedom can modify the
RG evolution of the Higgs quartic self-interaction that may otherwise run negative below
the Planck scale. In general, three ingredients may change the running behavior of the Higgs
self-coupling: four-scalar interactions, Yukawa interactions, and gauge interactions. In this
paper, we have studied the SM Higgs vacuum stability problem in representative minimal
extensions of the SM that also address other phenomenological problems, accounting for
the neutrino masses, dark matter from EW multiplets, and a new gauge symmetry. We
find that vacuum stability of a ∼124-126 GeV Higgs up to the Planck scale could point
to the existence of new scalars, which might be a TeV scale Higgs triplet in the type-II
seesaw model, whose coupling λ4 with the SM Higgs should be in the rather restricted range
(0.1, 0.4). Alternatively, stability could be achieved through existence of a series of TeV-
scale EW multiplets, which can be gauge-portal dark matter candidates, or to a new U(1)′
14
gauge symmetry, in which the SM Higgs carries non-zero charge. In the former case, the
number of new particles should be relatively large, i.e., one generation quintuplet fermion
(or higher representational EW multiplet ) or at least two quadruplet scalar and (or) triplet
fermion multiplets. If the new U(1) symmetry is broken at the TeV scale, then the SM
Higgs vacuum stability implies that g4 cannot be arbitrarily small unless the couplings of
the associated SM singlets to the Higgs doublet, the number of singlets, or the singlet U(1)′
charge is sufficiently large.
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Appendix A: β-functions of physics parameters
The two loop β-function of the Higgs quartic coupling λ is given by [23]
dλ
dt
=
1
16π2
β
(1)
λ +
1
(16π2)2
β
(2)
λ , (A1)
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β
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(
54
5
g21 + 54g
2
2
)
λ2 −
(
73
8
g42 −
117
20
g21g
2
2 −
1887
200
g41
)
λ− 3λy4t +
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20
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− g21y2t
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)
+ 60y6t . (A3)
The two loop β-functions for the gauge coupling are [23]:
dgi
dt
=
bi
16π2
g3i +
1
(16π2)2
(
3∑
j=1
bijg
3
i g
2
j −
∑
j=U,D,E
aijg
3
iTr[YjY
†
j ]
)
(A4)
with
bi = (
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10
−19
6
−7 ) , bij =


199
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27
10
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5
9
10
35
6
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11
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9
2
−26

 , aij =

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17
10
1
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3
2
3
2
3
2
1
2
2 2 0
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 . (A5)
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The two loop β-function of the top quark Yukawa coupling is [23]
dyt
dt
=
yt
16π2
β
(1)
t +
yt
(16π2)2
β
(2)
t , (A6)
with
β
(1)
t = +
9
2
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(
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4
g22 + 8g
2
3
)
, (A7)
β
(2)
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2
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3
2
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One loop β-functions of λ1, λ2 and λ5 [35, 36]
16π2βλ1 = −
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